The reaction center-binding D1 protein of Photosystem II is damaged by excessive light, which leads to photoinhibition of Photosystem II. The damaged D1 protein is removed immediately by specific proteases, and a metalloprotease FtsH located in the thylakoid membranes is involved in the proteolytic process. According to recent studies on the distribution and organization of the protein complexes/supercomplexes in the thylakoid membranes, the grana of higher plant chloroplasts are crowded with Photosystem II complexes and light-harvesting complexes. For the repair of the photodamaged D1 protein, the majority of the active hexameric FtsH proteases should be localized in close proximity to the Photosystem II complexes. The unstacking of the grana may increase the area of the grana margin and facilitate easier access of the FtsH proteases to the damaged D1 protein. These results suggest that the structural changes of the thylakoid membranes by light stress increase the mobility of the membrane proteins and support the quality control of Photosystem II. (159 words)
Introduction
The D1 protein that binds the reaction center of Photosystem II (PSII) is easily damaged by illumination with strong and prolonged light [1] [2] [3] [4] [5] . Reactive oxygen species (ROS), in particular singlet oxygen ( 1 O 2 ) molecules, produced by the photochemical reaction in PSII are responsible for the damage [1] [2] [3] [6] [7] [8] [9] [10] [11] [12] . The damage reduces PSII activity and is believed to be the major cause for photoinhibition under high light conditions [1] [2] [3] 6 , 13]. The damaged D1 protein is immediately removed from the PSII complex by proteolysis following transport from the grana core to the grana margins [14, 15] . Spatial rearrangement of other subunit proteins of the PSII complex and the associated light-harvesting complexes may also take place in the grana [6, [16] [17] [18] [19] [20] . After these steps, a new copy of the D1 protein is inserted co-translationally into the D1-depleted PSII complex through thylakoid-bound ribosomes [3] [4] [5] [21] [22] [23] ].
Phosphorylation and dephosphorylation of PSII proteins are involved in the PSII repair cycle. By kinases STN8 and STN7, PSII complex and the light-harvesting chlorophyllprotein complexes (LHCII) are phosphorylated in light [24, 25] . The phosphorylation retards degradation of the D1 protein by proteases [26] . After migration of the damaged PSII complex from the grana to the grana margins and stroma thylakoids, a phosphatase dephosphorylates the PSII complex, which initiates degradation of the damaged D1
proteins by Deg proteases and/or FtsH proteases [27, 28] . The presence of such a finely coordinated repair cycle of the photodamaged D1 protein in the thylakoid membranes ensures that the PSII system maintains its activity even under severe light stress.
Similar damage and degradation processes of the D1 protein were also seen under moderate heat stress when spinach thylakoids were incubated at 40 °C for 30 min in the dark (hereafter heat-inactivation of PSII) [29, 30] . In both photoinhibition and heat-inactivation, the protease systems work for swift repair of PSII in the thylakoid membrane, and also possibly in the stroma and in the thylakoid lumen where the damaged D1 protein is degraded in the thylakoids and how the proteases recognize the damaged D1 protein among the many proteins and protein complexes in the highly crowded thylakoids represent major unanswered questions. In this review article, we describe the outline of this attractive subject and present our recent research progress to solve these questions.
Damage and degradation of the D1 protein under light and heat stresses
The D1 protein plays a central role in PSII [12] . The D1 protein ligates the most important and photoactive components of the reaction center. However, because of its important location and function in PSII, the D1 protein is damaged rather easily when anomalous photochemical reactions take place under strong illumination conditions. 
Molecular structure and general function of FtsH proteases
FtsH proteases play an important role in quality control of both prokaryotic and eukaryotic cells. The ftsh gene encoding the FtsH protease was first described with E.coli [51] [52] [53] . The gene encodes a 71 kDa polypeptide, and its homologs have been identified in other bacteria, cyanobacteria and mitochondria, and chloroplasts of eukaryotes [54] [55] [56] . In E.coli, FtsH has been shown to be involved in the degradation of the heat shock transcription factor σ 32 FtsH belongs to the family of zinc metalloprotease. The arginine residue at the C-terminus of the SRH motif, the so-called 'arginine finger', is crucial for ATP hydrolysis [54, 62] . The AAA family proteins assemble into oligomers, often hexamers, and form a ring-shaped structure with a central pore that has the catalytic site. FtsH forms a hexameric ring structure [63, 64] and can initiate proteolysis depending on the length of the tail of the target substrate from both the N-and C-terminus [65] .
Furthermore, FtsH can work both as an exoprotease and an endoprotease [66] . This bidirectionality in the processive digestion makes it possible for FtsH to promptly degrade unnecessary membrane proteins. FtsH genes exist not only in bacteria but also in photosynthetic organisms, such as cyanobacteria and higher plants [67] [68] [69] 
Specific roles of FtsH proteases in the cyanobacteria and chloroplast thylakoids under light and heat stresses
The importance of the FtsH proteases in oxygenic photosynthetic organisms is well acknowledged in the study of the cyanobacterium Synechocystis sp. PCC6803, where four genes slr1390, slr0228, slr1604 and sll1463 were found to be homologous to the proteases is also involved in the repair of damaged PSII by UV-B radiation [74] . In this proteolysis, it was demonstrated that the substrate D1 protein is degraded from the N-terminus. However, such a "processive" degradation of the D1 protein does not apply apparently in the degradation of the damaged D1 protein in higher plant chloroplasts under high light or high temperatures [29, 30, 39] .
Actually there was a lengthy period confusion in the identification of the proteases participating in the primary and secondary cleavage of the damaged D1 protein. Initially
Deg proteases, which are the other prokaryotic proteases found in cyanobacteria and higher plant chloroplasts, were the most promising protease candidate [31] . Through this and other related works, the D1 protein was suggested to be degraded first by Deg proteases [31] , then further degraded by FtsH proteases [36, 37] . The FtsH proteases were then suggested as the proteases responsible for the primary cleavage of the D1 protein [35, 45] . More recently, the role of Deg proteases was reevaluated in the study of Arabidopsis Deg/FtsH double mutants, and a reversed order of the action of FtsH and lumenal Deg was suggested [32, 75] . Here, we propose a hypothesis that the protease that operates initially is dependent on which site of the D1 protein is photodamaged first by the excessive light (Fig. 2) . Photoinhibition of PSII under strong illumination conditions are caused by two mechanisms, namely the donor-side mechanism and acceptor-side mechanism [6]. The cleavage site of the D1 protein may depend on the mode of photoinhibition. The donor-side photoinhibition should cause damage to a lumen-exposed loop such as the AB loop [76, 77] and CD loop [77] [78] [79] [80] , whereas the acceptor-side photoinhibition is claimed to involve damage to the DE loop exclusively [78, [81] [82] [83] . As already discussed, the damage to the D1 protein and other PSII subunits Considering these points, it is possible that proteolysis occurs at the site that is different from the damaged site. For example, the AB and/or CD loop of the D1 protein may be damaged by the donor-side photoinhibition, but the actual cleavage of the protein may take place on the stromal side of the protein by the action of stroma-exposed FtsH proteases.
It was shown previously the active role of FtsH proteases in the proteolysis of the D1
protein in the heat-inactivated PSII in spinach thylakoids [29] . The requirement of metals, in particular Zn, and ATP in the proteolysis support the role of FtsH. However, the trials to detect FtsH by mass spectroscopy in the fraction containing the proteolytic activity was not successful, and hence, direct evidence of the participation of FtsH in the degradation step of the D1 protein in the heat-inactivated PSII is still not available.
Actually purification of FtsH from thylakoids is not an easy task because of the small content of the protease and difficulty in solubilizing the protease from membranes. The experiment using the cyanobacterial mutant lacking the ftsh gene (slr0228) (Synechocystis sp. PCC6803, ΔFtsH2); however, showed that the FtsH protease is involved in the degradation of the D1 protein under moderate heat stress [87] .
Assembly and distribution of FtsH proteases on spinach thylakoid membranes
In a recent biochemical study using a strain of Synechocystis sp. PCC6803 expressing a GST-tagged FtsH, it was shown that FtsH2 forms a hetero-oligomeric complex with
FtsH3 [88] . To obtain information about the details in the structure of FtsH2-GST/FtsH3 complex, transmission electron microscopy [58] and single particle analysis were performed. From these results, a three-dimensional hexameric model was constructed at a resolution of 26 Å, which provided insights into the advantages associated with FtsH protease preferably forming hetero-complexes over homo-complexes.
FtsH proteases in the thylakoids of higher plant chloroplasts exist as hetero-hexamers composed of type A (FtsH1/5) and type B (FtsH2/8) subunits at a ratio of 1:2 [71, [89] [90] [91] . In higher plant chloroplasts, the thylakoid membranes form grana stacks that occupy 80% of whole thylakoids, the remaining 20% being the stroma thylakoids [92] .
The FtsH hexamer has a relative molecular mass of 400480 kDa, and such a large hexameric FtsH is most likely to be located in the unstacked regions of the thylakoids.
Because of the size of FtsH proteases (height ~6.5 nm), they are most likely excluded from the stacked grana core [93] [94] [95] . Another important reason for localizing FtsH outside the grana is dephosphorylation of the damaged D1 protein by a phosphatase. In a recent study on dephosphorylation of PSII core, a phosphatase PBCP was identified in the chloroplast stroma [27] . After dephosphorylation of PSII core proteins by PBCP at the grana margins, degradation of the damaged D1 protein by FtsH proteases starts.
Recently it was found that FtsH proteases form not only hexamers but also monomers and dimers in the stroma thylakoids [14] . This observation suggests that the monomers and dimers represent partially assembled forms of FtsH, which turn into active hexamers under high light (Fig. 3) . It was reported that the hexameric FtsH proteases are abundant in the PSII-enriched membranes including the grana margins [14] . It is likely that the active hexameric FtsH proteases are located near the PSII complexes in the grana margins and involved in the rapid degradation of the damaged D1 protein.
Indeed, strong light-induced and FtsH-dependent degradation of the D1 protein was shown to occur in the PSII membranes [14] . It was also noted that once FtsH forms a hexamer, it is relatively resistant to light stress and heat stress.
Light-or heat-induced unstacking of thylakoids
When the thylakoid membranes are subjected to light stress, structural changes of the thylakoid membranes occur [96] . Previously, it was reported that the stacked thylakoids became unstacked under strong illumination [97] . The photodamage to the D1 protein and generation of harmful hydroxyl radicals were remarkably stimulated in the stacked thylakoids, whereas this was not so dramatic in the unstacked thylakoids. According to these findings, it was proposed that unstacking of the thylakoid membranes under high light accelerates the lateral movement of the proteins, which supports rapid migration of the damaged PSII on the thylakoid membranes for repair [97] . Thus, it is likely that higher plants change the structure of the thylakoid membranes dynamically under light stress in order to protect the photosystems.
There is another report showing that phosphorylation of PSII complex is associated with the structural changes of the thylakoid membranes and degradation of the damaged Recently it was reported that thylakoid swelling induced by strong light facilitates electron transport in the lumen mediated by plastocyanin and protein mobility in the thylakoids for the repair of PSII [95] . 
